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1.  INTRODUCTION 


It  is  of  critical  importance  to  offer  voltage  reversal  protection  in  pulsed  power  systems  since  most 
energy  storage  capacitors  are  sensitive  to,  and  can  be  damaged  by,  swinging  or  oscillating  voltages 
(Saijeant  1990).  Semiconductor  diodes  are  used  in  pulsed  power  systems  as  shunt  rectifying  devices  that 
protect  energy  storage  capacitors  from  voltage  reversals.  The  presence  of  silicon  diodes  has  a  strong  effect 
on  the  pulse-shaping  characteristics  of  a  given  power  system,  and,  in  some  cases,  they  can  contribute 
toward  an  overall  increased  electrical  efficiency  of  the  system.  Diodes  are  successfully  used  as  pulse 
power  components  in  several  facilities  currently  involved  in  electric  gun  research  at  the  U.S.  Army 
Research  Laboratory  (ARL)  and  in  several  other  research  organizations  (Grater  1994;  Hammon, 
Bhasavanich,  and  Warren  1991;  Oberle  and  Wren  1994;  Rhinehart,  McGowan,  and  Singh  1990; 
Weise  et  al.  1993;  White  et  al.  1994;  Wofford,  Baker,  and  Day  1991).  The  end  result  is  a  decrease  in 
operational  lifetime  for  capacitors  that  are  allowed  to  oscillate  in  a  pulse  forming  network  (PFN).  Since 
they  are  basically  used  as  a  shorting  path  across  the  capacitors  during  a  voltage  reversal,  semiconductor 
diodes  are  usually  referred  to  as  "crowbar"  diodes,  where  they  clamp  or  "crowbar"  the  capacitors  for  the 
duration  of  a  reversal  cycle. 

It  should  be  noted  that  other  techniques  have  been  developed  that  can  effectively  produce  the  same 
crowbarring  action  without  the  direct  use  of  solid-state  devices  (Merger  et  al.  1990).  Some  of  these 
systems  take  advantage  of  high  current  ignition  switches,  liquid  mercury  devices  that  require  considerable 
volume  within  the  power  system.  There  is  also  additional  control  circuitry  needed  for  proper  timing  of 
an  ignition  switch  that  can  be  made  exterior  to  the  PFN. 

Hence,  there  is  an  obvious  attraction  to  a  self-reliant,  solid-state  switch  that  requires  minimal  volume 
and  hardware  for  the  PFN  designer.  The  bad  news  is  that  semiconductor  devices  are  destroyed  when  too 
much  current  (heat)  is  allowed  to  penetrate  their  junction.  Damage  occurs  as  a  result  of  excessive  junction 
temperature  caused  by  ohmic  heating,  which  leads  to  increased  device  conductivity;  this  results  in 
additional  current  flow  and  further  temperature  increases.  The  conductivity  is  directly  proportional  to  the 
concentration  of  mobile  current  carries  in  the  device,  and  is  itself  a  function  of  operating  temperature. 
The  relationships  between  conductivity  (Oj)  and  mobile  carrier  concentration  (r^),  and  carrier  concentration 
and  temperature  are  given,  respectively,  in  equations  1  and  2. 

°i  =  Q(Pn  +  Pp>ni  0> 


1 


^(7)=  3.88  x  1016  T3/2  exp  (-7000/T)  cm -3  (for  silicon  above  50  K) 


(2) 


where,  q  represents  the  charge  on  an  electron  and  ji„  and  Pp  are  the  electron  and  hole  mobilities. 

As  the  energy  of  the  valence  electrons  is  increased  due  to  the  additional  thermal  energy,  more 
electrons  are  excited  to  the  conduction  band  of  the  material,  which  result  in  a  structure  that  conducts 
current  more  freely  (Tyagi  1991).  If  the  material  is  not  allowed  to  dissipate  the  additional  heat  quickly 
enough,  this  process  will  continue  until  the  melting  point  of  the  device  is  reached  and  ultimately 
destroyed.  This  condition  is  often  referred  to  as  "thermal  runaway." 

•  Diode  Reverse  Recovery  Time  (t^).  For  pulsed  power  applications  where  switching  is  utilized,  as 
in  electric  gun  systems,  the  t^  of  the  semiconductor  diode  is  an  important  parameter  for  consideration. 
The  t„.  is  that  time  required  for  the  diode  to  switch  from  an  "on"  or  conducting  state  to  "off'  or  high 
impedance  state.  This  parameter  is  a  function  of  two  quantities,  namely,  junction  capacitance  (Cj)  and 
the  minority  carrier  lifetime  (tp)  of  the  semiconductor  device  (for  long  base  diodes)  or  the  transit  time  of 
the  minority  carriers  (short  base  diodes).  A  diode  is  considered  short  base  when  the  diode’s  neutral  base 
width  (Wn)  is  less  then  the  diffusion  length  (L).  The  frequency  response  of  the  overall  electrical  network 
is  directly  limited  by  the  ^  of  the  device  in  which  it  operates.  So,  for  fast  switching  applications,  it  is 
a  requirement  that  the  recovery  time  be  kept  as  small  as  possible  (Sze  1985). 

The  tj,.  consists  of  the  time  associated  with  the  minority  carrier  concentration  at  the  depletion  edge  (tj.) 
and  a  "fall"  time  component  (tf)  due  to  capacitive  storage  of  minority  carriers  throughout  the  depletion 
region.  This  is  expressed  in  equation  3  and  illustrated  by  Figure  1. 

Vr  —  +  If  (3) 

For  long  base  diodes,  where  the  neutral  region  is  large,  ^  is  effectively  the  minority  carrier  lifetime  (tp) 
for  the  bulk  material.  The  minority  carrier  lifetime  is  a  result  of  three  electron-hole  recombination 
processes.  These  are  direct  band-to-band  (radiative)  recombination,  indirect  recombination  due  to  carrier 
traps  in  the  energy  band  gap  (Schockley,  Hall,  Read  or  SHR  recombination)  and  a  three  particle  process 
known  as  Auger  recombination.  In  general,  the  minority  carrier  lifetime  can  be  increased  by  increasing 
the  carrier  traps  or  defects  in  the  semiconductor  crystal  (this  is  accomplished  through  a  process  known  as 
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electron  bombardment),  but  the  tradeoff  is  an  increase  in  the  reverse  saturation  current  (current  flow  in 
reverse  Was  mode)  of  the  device  (Tyagi  1991).  This  is  seen  as  a  practical  disadvantage  with  regards  to 
PFN  operation  since  energy  storage  capacitors  will  discharge  faster  having  diodes  of  higher  reverse 
saturation  current  A  typical  reverse  recovery  current  waveform  for  a  pn  junction  diode  is  shown  in 
Figure  1. 
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Figure  1.  Typical  reverse  recovery  behavior  of  a  diode. 

In  some  instances,  the  transit  time  of  the  carriers  is  smaller  then  the  carrier  lifetime.  This  is  true  for 
"short  base"  diodes  that  have  a  narrow  base  width  and  are  much  faster  in  terms  of  recovery  time.  For  this 
case,  the  current  due  to  the  diffusion  of  carries  in  a  sample  of  material  (either  electrons  or  holes)  is  given 
by 


I  =  q  D  dPo/dx  Aj 


(4) 


or,  alternatively,  for  a  short  base  diode. 


I  =  (q  D  P0  Aj)  /  Wn 


(5) 
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where 


q  =  electronic  charge  =  1.602  x  10'19  C 
D  =  diffusion  coefficient  of  material  (cm2/s) 

P0  =  excess  carrier  concentration  (cm'3) 

Aj  =  junction  area  of  the  device  (cm2) 

Wn=  width  of  the  device  neutral  region  (cm) 

Given  that  the  minority  carrier  charge,  which  must  be  removed  during  this  "fall"  time,  is 

Q=AjqP0WI/2,  (6) 

and  the  current  expressed  as  a  function  of  the  charge  due  to  minority  carriers  with  respect  to  time  is 

I  =  Q/t,  (7) 

then  the  result  of  replacing  the  expression  for  current  in  equation  7  with  that  from  equation  5,  combining 
with  equation  6  and  solving  for  time,  gives 

t  =  ts  =  Q/I  =  (Aj  q  P0  W„/2  )  /  (q  D  P0  Aj  /  Wn)  (8) 

ts=l/2(Wn2/D),  (9) 

where  ts  is  referred  to  as  the  transit  time  of  the  device.  It  is  interesting  to  note  that  the  value  of  ts  can 
be  made  smaller  then  the  carrier  lifetime  of  the  bulk  material  with  obvious  adjustments  in  the  base  width 
and  diffusion  coefficient  For  example,  for  short  base  diodes,  it  is  generally  required  that  the  base  width 
be  on  the  order  of  the  diffusion  length  (L),  which  is  the  square  root  of  the  diffusion  coefficient  (D) 
multiplied  by  the  carrier  lifetime  (tp).  Assuming  that  the  base  width  in  equation  9  is  equal  to  the  diffusion 
length,  the  resulting  transit  time  through  the  base  is  twice  as  fast  as  that  of  the  carrier  lifetime.  This 
represents  a  substantial  improvement  in  device  speed.  The  diffusion  coefficient  is  a  function  of  carrier 
mobility,  a  basic  property  of  semiconductors,  and  it  is  desirable  to  have  a  large  mobility  material  (such 
as  GaAs)  as  necessary  to  obtain  a  fast  device;  and,  as  just  demonstrated,  narrow  base  width  diodes  are 
preferred  due  to  their  improved  recovery  time.  So,  with  respect  to  high-speed  devices,  the  semiconductor 
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material  type  and  diode  geometry  are  of  significant  importance  and  should  not  be  overlooked.  It  should 
be  stressed  that  the  tradeoff  in  using  a  fast  recovery  device  is  that  of  lower  breakdown  voltage.  This 
results  from  the  smaller  available  depletion  width,  which  effectively  lowers  the  voltage  capability  of  the 
device  and  forces  the  use  of  multiple  diodes  in  series.  This  is  a  situation  that  tends  to  be  bulky  and 
expensive,  as  will  be  discussed  later  in  this  report. 

If  the  diode’s  t^  are  incompatible  with  the  requirements  or  capabilities  of  a  PFN,  it  is  possible  for 
electrical  breakdown  to  occur  in  the  semiconductor  junction  (Katulka  et  al.  1991).  It  should  be  noted  that 
the  capabilities  of  an  electric  gun  PFN  are  variable,  by  design,  such  that  the  diode  t^  may  be  shorter  than 
required  for  one  set  of  boundary  conditions  and  marginal  or  even  inadequate  (as  will  be  shown  later  in 
the  report)  for  others.  It  is  recommended  that  care  be  exercised  when  selecting  semiconductor  diodes  for 
pulsed  power  applications  of  this  nature.  Figure  2  shows  how  the  thickness  of  diode  junction  depletion 
region  varies  with  applied  voltage.  The  depletion  region  with  (W),  as  seen  in  Figure  2,  is  given  by  the 
following  relation. 

W  =  [(2es/q){(l/Na))  +  (1/Nd)}  {V}]l/2  (10) 

where, 

es  =  semiconductor  permitivity  (F/cm) 
q  =  electronic  charge  (C) 

Na  =  acceptor  impurity  concentration  (cm-3) 

Nd  =  donor  impurity  concentration  (cm-3) 

V  =  junction  voltage  (reverse  bias). 

As  indicated  by  equation  10,  when  a  reverse  bias  is  increased  across  the  junction,  the  depletion  region 
widens  and  the  resulting  maximum  or  critical  electric  field  in  the  depletion  region  becomes  larger.  This 
enables  the  diode  to  have  a  relatively  large  value  of  reverse  blocking  voltage  (typically  several  kilovolts 
for  power  diodes)  and  a  relatively  small  forward  voltage  limit  (usually  a  few  volts).  The  amount  of  time 
required  for  the  diode  to  switch  between  the  forward  and  the  reverse  modes  is  dependent  upon  the  time 
for  the  depletion  region  to  reach  its  maximum  width  and  is  governed  by  the  reverse  recovery 
characteristics  of  the  device,  as  discussed  previously.  Once  again,  if  a  voltage  of  appreciable  magnitude 
is  applied  across  the  device  junction  faster  than  what  is  required  for  W  to  achieve  a  thickness  wide  enough 
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Figure  2.  Variation  of  depletion  region  thickness  with  applied  bias. 

to  avoid  electrical  breakdown,  then  the  diode  can  be  destroyed  from  internal  breakdown  through  the 
junctioa 

The  focus  of  this  report  deals  with  experiments  and  theoretical  calculations  that  have  been  performed 
and  analyzed  at  the  ARL  on  a  100-kJ  pulsed  power  supply  used  for  electrothermal-chemical  (ETC)  gun 
research.  The  main  area  addressed  is  in  characterizing  the  crowbar  diodes’  performance  when  exposed 
to  high-voltage  switching  transients  produced  by  the  discharging  of  the  PFN.  This  work  was  initiated  in 
response  to  a  series  of  electric  gun  firings  in  the  30- mm  ETC  gun  facility,  when  several  occurrences  of 
diode  failures  (catastrophic  in  some  cases)  were  encountered.  The  approach  taken  was  to  perform 
discharge  experiments  at  low  energy  levels  (to  avoid  further  damage  to  the  PFN)  with  fixed  resistive  loads 
while  examining  the  current  and  voltage  characteristics  of  the  diodes.  This  was  coupled  with  computer 
calculations  of  the  PFN  to  further  study  the  diodes.  After  validating  the  computer  code  by  direct 
comparisons  with  experimental  data,  further  calculations  were  performed  to  demonstrate  the  dependence 
of  the  rate  of  change  in  voltage  (dV/dt)  with  respect  to  the  PFN  switch  closure  times,  circuit  capacitances, 
and  series  inductance  in  the  diode  conduction  path. 

The  result  of  this  work  led  to  a  better  understanding  of  the  physical  processes  involved  in  the  pulsed 
power  system  relevant  to  crowbar  diode  operation,  which  are  viewed  as  a  critical  power  component  for 
several  types  of  electric  gun  research  programs. 
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2.  EXPERIMENTAL  APPROACH 


A  schematic  diagram  of  the  PFN  under  consideration  is  given  in  Figure  3.  In  this  case,  the  PFN 
consists  of  five  triggerable  submodules  of  capacitor  banks  that  can  be  independently  discharged  through 
the  ignition  closing  switches.  This  feature  provides  a  level  of  flexibility  to  the  electric  gun  researcher  in 
that  it  allows  the  capability  of  multiple  pulsed  power  profiles  to  the  electric  gun  system  (Katulka  et  al. 
1991).  The  diode  failure  problems  experienced  during  laboratory  electric  gun  firings  were  found  to  occur 
in  only  the  first  submodule  of  the  PFN;  thus,  indicating  a  nonuniform  or  unique  pattern  of  power 
dissipation  to  the  first  submodule  diodes.  Semiconductor  failure  was  observed  for  several  gun  firings  and 
also  in  fixed  load  discharges  using  a  100-mQ  load  resistance.  This  occurred  at  relatively  high  initial  PFN 
energies  on  the  order  of  50  kJ  for  each  discharge.  As  a  result,  efforts  were  focused  on  studying  the 
current  and  voltage  characteristics  of  this  submodule’s  diode,  at  a  reduced  system  energy,  in  comparison 
to  the  other  diodes  in  the  system.  This  work  was  performed  with  fixed-resistive  load  discharges  and 
verified  using  computer  techniques. 
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Figure  3.  Circuit  diagram  for  100-kJ  PFN  used  for  electric  gun  applications. 

Experiments  were  performed  with  PFN  discharges  into  35-,  100-  and  200-mQ  load  resistors.  It  was 
determined  from  experimental  measurements  of  diode  current  and  voltage  that  only  for  the  case  of  the 
100-mQ  load  did  a  large  dl/dt  and  dV/dt  occur  across  the  diode  terminals  in  the  first  submodule. 
Experimental  current  and  voltage  waveforms  as  measured  for  this  case  are  given  in  Figures  4  and  5  and 
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Figure  4.  Diode  current  measurements  for  100-mfl  load. 


Figure  5.  Diode  voltage  measurement  with  100-mfl  load. 


the  transient  waveforms  can  be  seen  at  226  ps  in  time.  These  results  were  corroborated  later  with 
computer  calculations,  and  it  was  also  demonstrated  that  a  large  dV/dt  (see  Figure  6  at  280  ps)  was 
experienced  on  the  first  submodule  diode  with  a  current-depended  plasma  load  computer  simulation.  The 
plasma  load  generally  varies  from  30  mQ  to  hundreds  of  milliohms  during  the  plasma  functioning  and 
the  simulation  results  are  given  in  Figure  6.  The  computer  simulation  shows  that  although  the  rate  of 
change  in  current  is  smaller  for  the  plasma  case,  the  overall  current  magnitude  is  larger  than  the  resistive 
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Figure  6.  Computer  simulation  of  current-dependent  plasma  load. 

load  case,  indicating  a  greater  impedance  mismatch  situation,  and  a  large  dV/dt  is  still  evident  The  large 
dV/dt  is  a  possible  cause  of  why  diode  failure  was  observed  in  some  experimental  gun  firings  where 
plasma  loads  are  used.  It  is  noted  that  for  the  100-mf2  load  case,  the  current  waveform  exhibits  a  small 
pulse  of  current  over  a  50-ps  period  followed  by  a  second  pulse  starting  just  before  the  600-ps  point. 
However,  it  was  of  further  interest  to  discover  that  the  rate  at  which  the  current  decreased  through  the 
device  was  extremely  large.  In  one  experiment,  the  maximum  rate  of  change  (dl/dt)  for  the  decreasing 
current  is  calculated  at  124.6  A/ps,  which  is  the  largest  dl/dt  for  the  three  test  cases  considered  here  and 
the  largest  dl/dt  for  any  of  the  five  submodules  of  the  PFN. 

This  is  pointed  out  since  large  dl/dt’s  can  lead  to  overheating  in  semiconductors  (as  discussed  earlier 
in  the  report)  and  they  are  also  indicative  of  other  potential  problems  such  as  large  dV/dt’s.  It  is  estimated 
that  the  t^  of  these  diodes  is  on  the  order  of  50  ps,  which  when  subject  to  the  dl/dt  of  die  100-kJ  PFN, 
will  result  in  application  of  reverse  voltage  on  a  diode  still  in  the  forward  biased  mode  (Rinaldi  1994). 
In  other  words,  the  diode  cannot  turn  off  as  fast  as  the  application  of  reverse  voltage  across  its  terminals 
occurs,  and  the  result  is  an  excessive  reverse  voltage  applied  to  the  diode  terminals.  In  fact,  direct 
measurements  of  the  voltage  across  the  diode  junction  (Figure  5)  provide  definite  evidence  that  a  fast  pulse 
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of  reverse  voltage  occurs  across  the  diode  as  it  is  switching  from  the  forward  to  reverse  mode.  It  should 
be  pointed  out  that  this  transient  voltage  occurs  in  spite  of  the  fact  that  the  diodes  are  placed  directly  in 
parallel  with  the  400-pf  energy  storage  capacitors.  As  seen  in  Figure  5,  a  rapidly  rising  voltage  is  applied 
to  the  diode  as  current  conductions  ceases  at  approximately  226  ps  in  time.  The  dV/dt  for  this  particular 
case  is  calculated  at  127  V/ps.  Here  it  is  proposed  that  the  diode’s  depletion  region  is  still  quite  narrow, 
as  it  should  be  in  forward  bias  when  the  PFN  exerts  a  rapid  reverse  voltage  across  the  junction  ultimately 
causing  voltage  breakdown  of  the  device.  This  will  be  true  in  general  when  the  voltage  capability  of  a 
forward  biased  diode,  which  is  typically  in  the  range  of  several  volts,  is  reached  and  exceeded. 

From  additional  studies,  it  was  determined  that  the  relationship  between  the  magnitude  of  the  dV/dt 
across  the  diode  was  a  linear  function  with  respect  to  the  overall  voltage  (energy)  of  the  PFN.  This 
relationship  was  established  by  performing  experiments  with  larger  overall  energy  levels  while  continuing 
to  measure  diode  voltages.  The  results  of  these  experiments  are  shown  in  Figure  7.  The  data  of  Figure  7 
can  be  used  to  evaluate  the  expected  dV/dt  for  a  given  system  voltage  level  and  it  is  then  possible  to 
determine  the  safe  operating  area  for  these  particular  diodes  with  respect  to  maximum  dV/dL  For  instance, 
it  was  noted  that  during  several  high  energy  experiments  where  the  system  voltage  was  at  7-kV,  and  using 
the  100-mf2  load,  diode  failures  were  experienced  repeatedly.  This  voltage  level  corresponds  to  the 
300- V/ps  point  on  the  curve  in  Figure  7.  Once  the  characteristics  of  maximum  dV/dt  and  t^  of  the 
crowbar  diode  are  established,  it  becomes  imperative  that  the  PFN  is  of  a  design  that  will  not  exceed  these 
parameters.  A  straightforward  design  method  to  be  used  to  determine  an  adequate  PFN  configuration  is 
through  the  use  of  a  circuit  analysis  computer  code  that  can  characterize  dynamic  diode  behavior.  This 
approach  has  been  taken  on  the  PFN  of  Figure  3  and  is  discussed  in  the  following  section. 

*  Circuit  Parameter  Effects.  The  dependence  of  the  switching  transient  applied  to  the  diode  in  the 
first  submodule,  and  other  submodules,  with  respect  to  PFN  closing  switch  times,  submodule  capacitance, 
and  series  inductance  were  studied  further  with  a  basic  electronic  circuit  analysis  code  (Microcap  III).  It 
was  determined  that  in  the  presently  configured  PFN  (Figure  3),  the  relatively  small  value  of  submodule 
capacitance  in  the  first  bank,  400  pf,  coupled  with  the  other  submodules  discharging  relatively  quickly 
after  the  first,  ultimately  caused  the  rapid  decrease  in  diode  current  of  the  first  submodule.  This  resulted 
in  a  large  dl/dt  and  subsequent  large  dV/dt  once  diode  conduction  ceased.  The  submodules  1  through  5 
begin  discharging  at  0,  40,  80, 120,  and  180  ps,  respectively.  The  combination  of  the  400-pf  capacitance 
with  the  submodule  inductance  and  series  resistance  produce  an  effective  capacitor  discharge  time  of 
165  ps.  When  the  diode  stops  conducting  current,  the  series  inductance  in  the  buswoik  surrounding  the 
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Figure  7.  Rate  of  change  in  diode  voltage  (dV/dt)  vs.  PFN  system  voltage. 


diode  immediately  produces  a  transient  voltage  (dV/dt)  that  is  responsible  for  diode  destruction  as 
described  in  the  previous  section.  The  results  of  these  calculations  are  given  in  the  plot  of  current  and 
voltage  in  Figure  6,  where  an  initial  voltage  of  10-kV  (maximum  system  voltage)  is  assumed  for  the  PFN. 
The  calculations  reliably  predict  the  transient  voltage  waveform — specifically  the  dV/dt  across  the  diode 
terminals  at  approximately  226  ps  into  the  discharge  cycle.  It  was  determined  from  other  computer 
calculations  that  the  effect  of  the  submodules  beginning  discharge  at  80, 120  and  180  ps  are  responsible 
for  the  abrupt  current  turn  off,  and  also  magnitude  of  dV/dt,  on  the  first  submodule’s  diode.  That  is,  as 
the  current  is  exponentially  decaying  in  the  diode,  the  final  three  submodules  are  switched  into  the 
network  and  substantially  increase  the  voltage  across  the  load.  This  forces  an  increased  dl/dt  through  the 
inductor  and  diode  of  the  first  submodule  that  drives  the  current  to  zero  (Katulka  et  al.  1991).  The 
realization  of  this  condition  brings  about  one  solution  to  the  dV/dt  problem  as  expanding  the  overall  pulse 
width  by  discharging  the  last  three  submodules  after  the  completion  of  the  initial  submodules  diode 
conduction. 

A  computer  calculation  with  this  modification  is  given  in  Figure  8,  where  two  submodules  are  fired 
400  ps  after  die  initial  submodule.  In  general,  to  completely  avoid  an  increased  diode  dl/dt  of  any 
submodule,  no  subsequent  submodule  should  be  discharging  while  a  preceding  submodule  diode  is 
conducting.  The  main  difficulty  here  is  that  the  system  is  now  limited  as  to  the  length  of  the  power  pulse 
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Figure  8.  Current  and  voltage  of  first  submodule  diode  in  delayed  discharee. 
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width  that  can  be  produced  by  the  PFN.  This  is  an  extremely  confining  solution  to  the  dV/dt  problem  in 
terms  of  pulse  power  flexibility  and  is  not  a  very  attractive  solution  if  pulse  shaping  is  a  necessity. 

Further  calculations  were  performed  with  the  PFN  discharges  in  which  the  total  capacitance  in  the  first 
submodule  was  varied  in  an  effort  to  minimize  the  magnitude  of  the  diode  dV/dL  These  results  are  shown 
in  Figures  9  and  10  where  the  capacitance  of  the  first  submodule  is  increased  from  400  pf  in  Figure  6  (the 
standard  used  in  the  PFN),  to  800  pf  in  Figure  9,  and  1 ,600  pf  in  Figure  10.  It  is  noticed  that  the  increase 
in  capacitance  is  quite  effective  in  eliminating  the  dV/dt  on  the  diode.  The  problem  with  this  approach 
is  that  the  total  energy  of  the  first  submodule  is  now  increased  by  a  factor  of  4,  the  PFN  output  power 
by  about  30%,  and  the  total  pulse  width  of  the  first  submodule  is  now  twice  as  large  as  in  the  initial  case. 
This  solution  may  not  be  problematic  if  the  pulse  width  and  other  complications  can  be  tolerated,  and  if 
the  voltage  on  the  first  submodule  can  be  reduced  to  deal  with  the  added  capacitive  energy  and  power 
from  the  first  submodule. 


The  final  area  of  investigation  was  in  the  study  of  the  effects  of  the  series  inductance  of  the  first 
submodule  diode  conduction  path.  The  results  of  computer  calculations  where  this  inductance  was  varied 
from  1.8  pH  to  0.4  pH  are  given  in  Figure  11.  It  becomes  clear  that  minimal  inductance,  experimentally 
realized  by  keeping  buswork  lengths  to  a  minimum,  will  have  a  very  large  impact  on  the  reduction  of  the 
diode  dV/dt  This  approach  may  be  difficult  to  implement  in  practice,  but  is  extremely  attractive  since 
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Figure  11.  Effect  of  varied  inductances  in  the  diode  path. 


any  series  inductance  in  the  diode  path  is  not  necessary  for  proper  PFN  operation  and  will  primarily  serve 
to  introduce  rapidly  changing  voltages  as  demonstrated  by  the  experimental  measurements  and  calculations 
shown  here. 

3.  SUMMARY  AND  CONCLUSIONS 

It  has  been  shown  through  a  variety  of  experimental  measurements  and  computer  calculations  that  the 
crowbar  diodes  of  a  PFN  currently  used  for  electric  gun  applications  are  subject  to  rapidly  changing 
voltage  signals  (dV/dt’s)  that  resulted  in  catastrophic  diode  failures  in  experiments  involving  both  plasma 
and  resistive  loads.  It  was  determined  that  when  crowbar  diodes  are  protected  by  PFN  capacitors, 
unwanted  series  inductances  can  still  produce  rapidly  changing  voltage  signals  that  can  exceed  the  ^  and 
voltage  limits  (dV/dt)  of  the  semiconductor  devices.  An  identifiable  solution  to  overcome  the  dV/dt 
problem  is  to  use  only  fast  recovery  diodes  that  are  capable  of  tolerating  fast  reverse  voltages  offered  by 
the  discharging  PFN.  Short  base  diodes  having  high  carrier  mobilites  will  offer  faster  turn  off  times  and 
should  be  considered  for  switching  applications  as  encountered  for  electric  gun  research.  This  approach 
will  likely  increase  the  size,  volume,  and  cost  of  the  overall  PFN  since  faster  diodes  tend  to  have 
decreased  voltage  capabilities,  will  require  more  devices  in  series,  and  are  generally  more  expensive  than 
slower-acting  devices.  Alternatively,  the  PFN  pulse  width  can  be  increased  such  that  only  subsequent 
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submodules  are  discharged  only  after  diode  conduction  has  ceased  in  the  preceding  submodules.  This  will 
also  impose  limits  on  the  minimum  pulse  width  obtainable  for  a  given  PFN. 

It  has  been  demonstrated  that  further  protection  of  diodes  from  dV/dt’s  is  possible  through  an  increase 
in  the  capacitance  surrounding  each  crowbar  diode.  This  is  considered  a  practical  solution  to  the  dV/dt 
problem  as  long  as  the  capacitance  used  for  protection  is  within  the  limits  of  system  energy,  power,  and 
pulse  width  constraints. 

Also,  it  was  illustrated  that  by  reducing  series  inductances  in  diode  paths,  a  direct  reduction  in  the 
ability  of  the  discharge  circuit  to  produce  unwanted  transient  voltages  across  diode  junctions  will  result. 
It  may  be  best  to  consider  as  many  approaches  as  possible  and  apply  the  benefits  of  each  of  the  techniques 
that  have  been  considered  here  in  terms  of  realizing  a  PFN  that  is  capable  of  producing  a  variety  of  pulse 
shapes,  one  that  has  a  high  electrical  efficiency,  remains  robust,  compact,  and  is  also  practical  to  construct. 

Finally,  it  should  be  stressed  that  the  use  of  computer  techniques  and  calculations  can  provide  an 
effective  method  of  clarifying  or  characterizing  the  dynamic  behavior  of  pulsed  power  systems  as 
necessary  to  establish  safe  operating  regions  for  associated  pulsed  power  hardware.  By  adopting  such 
techniques,  situations  that  exceed  the  threshold  of  properly  operating  devices  can  be  identified  and 
avoided,  and  the  time  and  effort  of  designing  and  analyzing  pulsed  power  systems  will  be  spent  more 
efficiently. 

4.  FUTURE  WORK 

It  became  apparent  as  the  work  detailed  here  progressed  that  the  semiconductor  diode  requirements 
used  for  this  application  of  PFN’s  involve  specialized  semiconductor  devices.  Many  of  the  power 
rectifiers  available  and  in  use  today  are  geared  more  toward  lower  frequency  applications  as  opposed  to 
pulsed  power  as  in  electric  gun  research.  This  is  not  to  say  that  these  devices  cannot  be  adapted  to 
perform  reliably  in  all  pulsed  power  systems.  However,  as  previously  illustrated  in  this  report,  the  unique 
application  of  diodes  in  electric  gun  power  supplies,  that  rely  on  multiple  stages  and  switching  of  network 
elements,  do  require  devices  with  large  current  capabilities,  high  voltage  ratings,  and  adequate  recovery 
times.  The  general  trend  for  fast  recovery  diodes  is  in  the  direction  of  lower  voltage  blocking  limits, 
which  is  in  conflict  with  the  high  voltage  requirements  found  in  systems  of  this  nature.  As  a  result, 
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potential  areas  for  further  work  exist  in  terms  of  providing  the  optimal  semiconductor  device,  and  this  may 
include  the  usage  of  new  high-speed  materials  or  novel  semiconductor  diode  geometries. 
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1  DIR  US  ARMY  BMD 

ADV  TECH  CTR 
PO  BOX  1500 
HUNTSVILLE  AL  35807 

1  CHAIRMAN 

DOD  EXPLOSIVES  SFTY  BOARD 
RM  856  C  HOFFMAN  BLDG  1 
2461  EISENHOWER  AVE 
ALEXANDRIA  VA  22331-0600 

1  DA  OFC  OF  THE  PRODUCT  MGR 

155  MM  HOWITZER  PALADIN 
ATTN  SFAE  AR  HIP  IP 
MR  R  DE  KLEINE 
PCNTY  ARSNL  NJ  07806-5000 

1  CDR  US  ARMY  CECOM 

R&D  TECH  LIBRARY 
ATTN  ASQNC  ELC  IS  L  R 
MYERCTR 

FT  MONMOUTH  NJ  07703-5301 

1  PEO  ARMAMENTS  PROJECT  MGR 

TMAS 

ATTN  AMCPM  TMA 
K  RUSSELL 

PCNTY  ARSNL  NJ  07806-5000 


1  PEO  ARMAMENTS  PROJECT  MGR 

TMAS 

ATTN  AMCPM  TMA  105 
PCNTY  ARSNL  NJ  07806-5000 

1  PEO  ARMAMENTS  PROJECT  MGR 

TMAS 

ATTN  AMCPM  TMA  120 
PCNTY  ARSNL  NJ  07806-5000 

1  CDR  US  ARMY  ARDEC 

PRODUCTION  BASE  MOD  AGENCY 
ATTN  AMSMC  PBM  E 
L  LAIBSON 

PCNTY  ARSNL  NJ  07806-5000 

5  DIR  BENET  LABS 

US  ARMY  WATER VLIET  ARSNL 
ATTN  SARWV  RD 
G  CARAFANO 
R  THIERRY 
R  HASOENBEIN 
P  VOTIS 
P  ALTO 

WATERVLIET  NY  12189 

3  CDR  US  ARMY  AMCCOM 

ATTN  AMSMC  IRC 
G  COWAN 
SMCAR  ESM(R) 

W FORTUNE 
R  ZASTROW 

ROCK  ISLAND  IL  61299-7300 
1  CMDT 

US  ARMY  AVIATION  SCHOOL 
ATTN  AVIATION  AGENCY 
FT  RUCKER  AL  36360 

1  DIR 

HQ  TRAC  RPD 
ATTN  ATCD  MA 
MAJ  WILLIAMS 
FT  MONROE  VA  23651-5143 

1  HQ  USAMC 

ATTN  AMCICP  AD 
MICHAEL  F  HSETTE 
5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 
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1  CDR  US  ARMY  ARDEC 

ATTN  SMCAR  CCD 
D  SPRING 

PCNTY  ARSNL  NJ  07806-5000 

1  CDR  US  ARMY  ARDEC 

ATTN  SMCAR  CCS 
PCNTY  ARSNL  NJ  07806-5000 

1  CDR  US  ARMY  ARDEC 

ATTN  SMCAR  CCH  T 
L  ROSENDORF 
PCNTY  ARSNL  NJ  07806-5000 

1  CDR  US  ARMY  ARDEC 

ATTN  SMCAR  CCH  V 
E  FENNELL 

PCNTY  ARSNL  NJ  07806-5000 

1  CDR  US  ARMY  ARDEC 

ATTN  SMCAR  AE  J  PICARD 
PCNTY  ARSNL  NJ  07806-5000 

1  CDR  US  ARMY  ARDEC 

ATTN  SMCAR  AEE  J  LANNON 
PCNTY  ARSNL  NJ  07806-5000 

5  CDR  US  ARMY  ARDEC 

ATTN  SMCAR  AEE  B 
A  BEARDELL 
D  DOWNS 
S  EINSTEIN 
A  BRACUTI 
D  CHIU 

PCNTY  ARSNL  NJ  07806-5000 

1  CDR  US  ARMY  ARDEC 

ATTN  SMCAR  AES 
S  KAPLOWITZ 

PCNTY  ARSNL  NJ  07806-5000 

1  CDR  US  ARMY  ARDEC 

ATTN  SMCAR  FSA  T 
M  SALSBURY 

PCNTY  ARSNL  NJ  07806-5000 


6  CDR  US  ARMY  ARDEC 
ATTN  SMCAR  FSE 
TGORA 
B  KNUTELSKY 
K  C  PAN 
W  DAVIS 
C  DURHAM 
A  GRAF 

PCNTY  ARSNL  NJ  07806-5000 

6  CDR  US  ARMY  ARDEC 
ATTN  SMCAR  EG 
G  FERDINAND 
H  NABER  LIBBY 
R  LUNDBERG 
J  NILES 
R  MOREIRA 
W  MORELLI 

PCNTY  ARSNL  NJ  07806-5000 

3  US  ARMY  RSCH  LAB 
ATTN  AMSRL  EP  MC 
DR  D  SINGH 
DR  T  POLDESAK 
MR  R  PASTORE 
DR  L  KINGSLEY 
BLDG  2707 

FT  MONMOUTH  NJ  07703-5000 

2  CDR  US  ARMY  RSCH  OFC 
ATTN  TECH  LIBRARY 
D  MANN 
PO  BOX  12211 

RSCH  TRI  PK  NC  27709-2211 

1  CDR  USA  BELVOIR  R&D  CTR 

ATTN  STRBE  WC 
TECH  LIBRARY  (VAULT) 
BLDG  315 

FT  BELVOIR  VA  22060-5606 
1  CDR 

US  ARMY  TRAC  FT  LEE 
DEFENSE  LOGISTICS  STUDIES 
FT  LEE  VA  23801-6140 

1  PRESIDENT 

US  ARMY  ARTILLERY  BOARD 
FT  SILL  OK  73503 
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1  CMDT 

USA  CMD  &  GENERAL  STAFF 
COLLEGE 

FT  LVNWORTH  KS  66027-5200 
1  CMDT 

USA  SPECIAL  WARFARE  SCHOOL 
ATTN  REV  &  TNG  LIT  DIV 
FT  BRAGG  NC  28307 

1  RADFORD  ARMY  AMMO  PLANT 

ATTN  SMCRA  QA  HI  LIBRARY 
RADFORD  VA  24141 

1  CMDT 

USA  FIELD  ARTILLERY  SCHOOL 
ATTN  STSF  TSM  CN 
FT  SILL  OK  73503-5600 

4  DEP  CDR  STRATEGIC  DEF  CMD 

ATTN  SFAE  SD  HVL 
S  SMITH 
LTCKEE 
DLIANOS 
T  ADEN 
PO  BOX  1500 

HUNTSVILLE  AL  35887-8801 

3  CDR  US  ARMY  FOREIGN 

SCIENCE  &  TECH  CTR 
ATTN  AMXST  MC  3 
S  LEBEAU 
C  BEITER 

220  SEVENTH  ST  NE 
CHARLOTTESVILLE  VA  22901 

1  CMDT 

US  ARMY  FIELD  ARTILLERY 
CTR  &  SCHOOL 
ATTN  ATSF  CO  MW  B  WILLIS 
FT  SILL  OK  73503 

1  NAVAL  SEA  SYSTEM  CMD 

DEPT  OF  THE  NAVY 
ATTN  CSEA  CDR  DAMPIER 
06KR12 

WASH  DC  20362-5101 

1  OFC  OF  NAVAL  RSCH 

ATTN  CODE  473  R  S  MILLER 
800  N  QUINCY  ST 
ARLINGTON  VA  22217 


2  CDR  NAVAL  SEA  SYSTEMS  CMD 

ATTN  SEA  62R 
SEA  64 

WASH  DC  20362-5101 

1  CDR  NAVAL  AIR  SYSTEMS  CMD 

ATTN  AIR  954  TECH  LIBRARY 
WASH  DC  20360 

1  NAVAL  RSCH  LAB 
TECH  LIBRARY 
WASH  DC  20375 

2  CDR  NSWC 

ATTN  J  P  CONSAGA 
C  GOTZMER 

SLVR  SPRING  MD  20902-5000 

2  CDR  NSWC 

ATTN  K  KIM  CODE  R  13 
R  BERNECKER  CODE  R  13 
SILVER  SPRING  MD  20902-5000 

3  CDR  NSWC 
INDIAN  HEAD  DIV 
ATTN  610  C  SMITH 
6110J  K  RICE 

61 10C  S  PETERS 

INDIAN  HEAD  MD  20640-5035 

6  CDR  NSWC 

DAHLGREN  DIV 
ATTN  CODE  G33 
T DORAN 
J  COPLEY 

CODE  G30  GUNS  &  MUNITIONS 
CODE  G301  D  WILSON 
CODE  G32  GUNS  SYSTEMS  DIV 
CODE  E23  TECH  LIBRARY 
DAHLGREN  VA  22448-5000 

1  CDR  NSWC 

INDIAN  HEAD  DIV 
ATTN  CODE  270P1  ED  CHAN 
101  STRAUS  AVE 
INDIAN  HEAD  MD  20640 

1  CDR  NSWC 

INDIAN  HEAD  DIV 
ATTN  CODE  3120  MR  R  RAST 
101  STRAUS  AVE 
INDIAN  HEAD  MD  20640 
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1  CDR  NSWC 
INDIAN  HEAD  DIV 

ATTN  CODE  210P1  R  SIMMONS 
101  STRAUS  AVE 
INDIAN  HEAD  MD  20640 

2  CDR  NSWC 
INDIAN  HEAD  DIV 
ATTN  CODE  6210 
SHARON  BOYLES 
NORBERTO  ALMEYDA 
101  STRAUS  AVE 
INDIAN  HEAD  MD  20640 

1  NAVAL  AIR  WARFARE  CTR 

ATTN  CODE  3891 
MR  CHAN  PRICE 
CHINA  LAKE  CA  93555 

1  NAVAL  AIR  WARFARE  CTR 

ATTN  CODE  3891 
MS  ALICE  ATWOOD 
CHINA  LAKE  CA  93555 

1  CDR  NAVAL  WEAPONS  CTR 

ATTN  CODE  388  C  F  PRICE 
INFO  SCIENCE  DIV 
CHINA  LAKE  CA  93555-6001 

1  OLAC  PL  TSTL 

ATTN  D  SHIPLETT 
EDWARDS  AFB  CA  93523-5000 

10  CIA 

OFC  OF  CENTRAL  REF 
DISSEMINATION  BR 
RM  GE  47  HQS 
WASH  DC  20502 

1  CIA 

ATTN  J  E  BACKOFEN 
HQRM5F22 
WASH  DC  20505 


5  DIR  SNL 

ATTN  T  HITCHCOCK 
R  WOODFIN 
D  BENSON 
SKEMPKA 
R  BEASLEY 
ADV  PROJECTS  DIV  14 
ORGANIZATION  9123 
ALBUQUERQUE  NM  87185 

2  DIRLANL 

ATTN  B  KASWHIA 
H  DAVIS 

LOS  ALAMOS  NM  87545 

1  DIRLLNL 
ATTN  M  S  L  355 
A  BUCKINGHAM 
PO  BOX  808 
LIVERMORE  CA  94550 

2  DIR  SNL 
COMBUSTION  RSCH  FAC 
ATTN  R  ARMSTRONG 

S  VOSEN 
DIV  8357 

LIVERMORE  CA  94551-0469 

1  UNIV  OF  ILLINOIS 

DEPT  OF  MECH  INDUST  ENGR 
ATTN  PROF  HERMAN  KRIER 
144  MEB 

1206  N  GREEN  ST 
URBANA  IL  61801 

1  JPU/CPIA 

ATTN  T  CHRISTIAN 

10630  LTLE  PATUXENT  PKWY 

SUITE  202 

COLUMBIA  MD  21044-3200 

1  STATE  UNIV  OF  NEW  YORK 

DEPT  OF  ELECTRICAL  ENGR 
ATTN  DR  W  J  SARGEANT 
BONNER  HALL  RM  312 
BUFFALO  NY  14260 
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1  THE  JOHNS  HOPKINS  UNIV 

APPLIED  PHYSICS  LAB  CPIA 
JOHN  HOPKINS  RD 
LAUREL  MD  20707 

1  PENN  STATE  UNIV 

PROPULSION  ENGR  RSCH  CTR 
ATTN  DR  KENNETH  K  KUO 
140  RSCH  BLDG  E 
UNIV  PARK  PA  16802 

1  TEXAS  TECH  UNIV 

DEPT  OF  EE  COMPUTER  SCI 
ATTN  DR  M  KRISTIANSEN 
LUBBOCK  TX  79409-4439 

1  UNIV  OF  TEXAS  AT  ARLNGTON 
DEPT  OF  ELECTRICAL  ENGR 
ATTN  DR  LOYD  B  GORDON 
BOX  19016 

ARLINGTON  TX  76019-0016 

3  WILKES  UNIV 

DEPT  OF  ELECTRICAL  ENGR 
ATTN  DR  AR  ARM  AND 
CHAIRMAN  EE  DEPT 
DR  Y  CHOE 
DR  T  SRINIVASAN 
WILKES  BARRE  PA  18766 

2  PENN  STATE  UNIV 

DEPT  OF  MECHANICAL  ENGR 
ATTN  JEFF  BROWN 
312  MECHANICAL  ENGR  BLDG 
UNIV  PARK  PA  16802 

1  NCSU 

ATTN  JOHN  G  GILLIGAN 
BOX  7909 

1110  BURLINGTON  ENGR  LABS 
RALEIGH  NC  27695-7909 

2  INSTITUTE  FOR  ADV  STUDIES 
ATTN  DR  H  FAIR 
DRTKIEHNE 

4030  2  WEST  BAKER  LANE 
AUSTIN  TX  78759-5329 


1  SRIINTL 

PROPULSION  SCIENCES  DIV 
ATTN  TECH  LIBRARY 
333  RAVENSWOOD  AVE 
MENLO  PARK  CA  94025 

1  SPARTA 

ATTN  DR  MICHAEL  HOLLAND 
9455  TOWNE  CTR  DR 
SAN  DIEGO  CA  92121-1964 

5  FMC  CORP 

ATTN  MR  G  JOHNSON 

MR  M  SEALE 

DR  A  GIOVANETTI 

MR  J  DYVIK 

DR  D  COOK 

4800  EAST  RIVER  RD 

MINNEAPOLIS  MN  55421-1498 

2  HERCULES  INC 

RADFORD  ARMY  AMMO  PLANT 
MGR  MFG  ENGR  DEPT 
ATTN  D  A  WORRELL 
EDWARD  SANFORD 
PO  BOX  1 

RADFORD  VA  24141 

1  HERCULES  INC 

ATTN  DR  R  CARTWRIGHT 
100  HOWARD  BLVD 
KENVIL  NJ  07847 

4  OLIN  ORDNANCE 

ATTN  V  MCDONALD  LIBRARY 
HUGH  MCELROY 
MR  THOMAS  BOURGEOIS 
MR  DENNIS  WORTHINGTON 
PO  BOX  222 
ST  MARKS  FL  32355 

1  PAUL  GOUGH  ASSOC  INC 

ATTN  P  S  GOUGH 
1048  SOUTH  ST 
PORTSMOUTH  NH  03801-5423 

1  PHYSICS  INTL  LIBRARY 

ATTN  H  WAYNE  WAMPLER 
PO  BOX  5010 

SAN  LEANDRO  CA  94577-0599 
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2  ROCKWELL  INTL 

ROCKETDYNE  DIV 
ATTN  BA08 
J  E  FLANAGAN 
J  GRAY 

6633  CANOGA  AVE 
CANOGA  PARK  CA  91304 

2  SCIENCE  APPLICATIONS  INC 

ATTN  J  BATEH 
L  THORNHILL 
1519  JOHNSON  FERRY  RD 
SUITE  300 

MARIETTA  GA  30062-6438 

1  ELI  FREEDMAN  &  ASSOC 

ATTN  E  FREEDMAN 
2411  DIANA  RD 
BALTIMORE  MD  21209 

1  ROCKETDYNE 

ATTN  MR  OTTO  HEENEY 
MAIL  STOP  BA26 
6633  CANOGA  AVE 
CANOGA  PARK  CA  91304 

1  THIOKOL  (LONGHORN  DIV) 

ATTN  DR  DAVID  DILLEHAY 
MAIL  STOP  703  11 
POBOX  1149 
MARSHALL  TX  75671 

1  THIOKOL  (ELKTON  DIV) 

ATTN  DR  RODNEY  WILLER 
55  THIOKOL  RD 
ELKTON  MD  21922 

1  VERITAY  TECH  INC 

ATTN  MR  E  FISHER 
4845  MILLERSPORT  HIGHWAY 
E  AMHERST  NY  14051-0305 

1  VERITAY  TECH  INC 

4845  MILLERSPORT  HWY 
PO  BOX  305 

E  AMHERST  NY  14051-0305 

1  BATTELLE 

TWSTIAC 
505  KING  AVE 
COLUMBUS  OH  43201-2693 


2  CAL  INSTITUTE  OF  TECH  JPL 

ATTN  L  D  STRAND  MS  125  224 
D  ELLIOT 

4800  OAK  GROVE  DR 
PASADENA  CA  91109 

1  GENERAL  ELECTRIC  CO 
DEFENSE  SYSTEMS  DIV 
ATTN  DR  J  MANDZY 
MAIL  DROP  43  220 

100  PLASTICS  AVE 
PITTSFIELD  MA  01201 

2  SAIC 

ATTN  MR  N  SINHA 
DR  S  DASH 
501  OFC  CTR  DR 
FT  WASH  PA  19034-3211 

1  SAIC 

ATTN  DR  G  CHRY SS AMELLIS 
8400  NORMANDELE  BLVD 
SUITE  939 

MINNEAPOLIS  MN  55437 

1  HERCULES  INC 

ATTN  DR  R  CARTWRIGHT 
100  HOWARD  BLVD 
KENVIL  NJ  07847 

1  SNL 

ATTN  MR  MARK  GRUBELICH 
DIV  2515 
PO  BOX  5800 

ALBUQUERQUE  NM  87185 

1  IMI  SERVICES  USA 

ATTN  MR  G  RASHBA 
2  WISCONSIN  CIRCLE 
SUITE  420 

CHEVY  CHASE  MD  20815 
1  SAIC 

ATTN  DR  KEITH  JAMISON 
1247  B  NORTH  EGLIN  PKWY 
SHALIMAR  FL  32579 

1  ENGR  RES  OORP  OF  AMERICA 

ATTN  MR  R  A  HILL 
PO  BOX  161 
LINTHICUM  MD  21090 
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ABERDEEN  PROVING  GROUND 


12  CDR  USACSTA 

ATTN  S  WALTON 
G  RICE 
D LACEY 
CHERUD 
STECS  DA  ID 
MR  WALLACE 
DR  FRANCIS 
STECS  AA  AE 
MR  MARTIN 
CPT  BROWNING 
STECS  AA  AE  T  KHONG  (4  CP) 

45  DIR  USARL 

ATTN  AMSRL  WTPA  HORST 
AMSRL  WT  PA 
T  MINOR 
K  WHITE 
D  GORDNER 
M  DELGUERCIO 
J  DESPIRITO 
T  ROSENBERGER 
I  STOBE 
B  OBERLE 
P  TRAN 
G  WREN 
A  BIRK 
M  MCQUAID 
J  KNAPTON 
A  JUHASZ 
P REEVES 
T  COFFEE 

G  KATULKA  (10  CP) 

A  ZELINSKI 
AMSRL  WT  PD  B  BURNS 
AMSRL  WT  PC 
RFEER 
R  BEYER 

AMSRL  WT  PB  E  SCHMIDT 
AMSRL  WT  T  W  MORRISON 
AMSRL  WT  WC  T  HAUG 
AMSRL  WT  WD 
C  HUMMER 
C  HOLLANDSWORTH 
J  POWELL 
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